Abstract-Olive oil is a very important product due to its nutritional value, sensory and antioxidant properties. National and international regulations define basic quality parameters (such as acidity and peroxide index) to discriminate high quality oils (extra virgin olive oil) from those of lower quality.
INTRODUCTION
In the Mediterranean diet, olive oil is the main source of mono-unsaturated fatty acids, and is highly appreciated as for numerous benefic biological effects [1] .
Currently, about 95% of the world olive oil production is from countries of the Mediterranean area, with European countries responsible for about 80% of the production and Italy being the second largest olive oil producer after Spain [2] .
Olive oil quality is affected by different factors, such as seasonal weather, sanitary state of drupes, ripening stage, storage and extraction method [3] .
The most common parameters defining olive oil quality are acidity (express as oleic acid content) and peroxide index.
Olive oil acidity, defined as the amount of fatty acids no longer linked to their parent triglyceride molecules, is measured as percent of oleic acid in 100 grams of oil.
The peroxide index is an indicator of the oil primary oxidation and is expressed as milliequivalent of active oxygen per kilogram of oil (meq O 2 /kg oil). If storage conditions are not adequate (essentially due to lack of protection against heat and light), oil oxidation takes place and degrades the product quality.
The European Commission Regulation No. 2568/91 and subsequent amendments impose a maximum acidity of 0.8 g oleic acid/100 g oil and a maximum peroxide index of 20 meq O 2 /kg oil, for extra-virgin olive oil [4] .
The standard techniques to measure acidity and peroxide index in olive oil are titration procedures that can be carried out only by skilled personnel in a laboratory environment.
Innovative procedures allowing fast and in-situ determination of olive oil quality parameters are currently investigated by different research groups and several techniques have been proposed.
One of the most promising ones is based on Near-Infrared (NIR) spectroscopy, since studies have shown the possibility to estimate acidity and peroxide index by optical spectroscopy analysis of the transmission spectra in the wavenumber range 4541 to 11726 cm -1 [5] . NIR technique has also been used to detect adulteration of extra-virgin olive oil with lower quality products [6] . Furthermore, a recently proposed method, called spectral nephelometry, combining absorption spectroscopy and nephelometry, has been used to obtain a "fingerprint" of the oil allowing to distinguish olive oils of different geographical origins [7] .
All the techniques based on light interaction with the sample are very promising since they allow fast, non destructive measurements with minimal preparation of the sample. However, the instrumentation needed is quite expensive and all the procedures must be separately calibrated for different types of olive oil (produced from olives of different varieties, different geographical origin, etc).
A different approach, microwave dielectric spectroscopy [8] [9] , is based on dielectric measurements allowing fast discrimination of different acidity levels. However, to achieve a good accuracy test signals of high frequencies (hundreds of MHz) are necessary, and these, in turn, require expensive instrumentation (time domain reflectometry). A pH-metric technique for olive oil acidity determination (by extraction of free fatty acids into a solvent phase) has also been proposed that does not require titration [10] . While the technique provides fast response (within a minute), the pH-978-1-4799-0041-1/13/$31.00 ©2013 IEEE 160 135 126
. meter with an aqueous reference electrode is not the most economical solution and the used reagents (0.20 M triethanolamine in a 1:1 solution of water and isopropanol) can add costs for the dispose after the measure. In this such a context, this paper presents a novel technique, based on Electrical Impedance Spectroscopy (EIS), that is shown capable of measuring olive oil acidity and suitable for the realization of a simple, low-cost, mobile instrument allowing measurements to be carried out everywhere and by anybody, with substantial improvements in the current situation of oil producers of any dimension.
EIS is a very promising technique that stimulates the sample under test (SUT) with a sinusoidal test signal in a broad range of frequencies and measures the SUT electrical response (|Z| and Arg(Z)) [11] . This technique has been used in recent years for the characterization of different food product characteristics, such as, in particular: water and lipid content in meat [12] , dilution factor in apple puree [13] , ripening stage of different varieties of fruits [14] [15] , bacterial concentration in ice-cream [16] [17], raw milk [18] , beer [19] and water [20] .
In the application presented in this work, EIS is used with SUT of olive oil emulsified with a hydroalcoholic solution, tested with signal frequencies ranging from 20 Hz to 2 MHz. The results show that the method is capable of discriminating olive oils of different acidity levels and peroxide indexes, thus allowing to distinguish between extra virgin olive oil and oils of lower quality.
Moreover, the relatively low frequencies used in the measurements allow the realization of low cost, portable instruments (embedded sensor systems), thus opening the road to distributed quality control procedures, affordable also by small oil producers, with obvious benefits in terms of product quality.
II. MATERIALS AND METHODS
A set of 39 olive oil samples (bought from local markets as well as taken from italian mills) have been tested to investigate the correlation between product electrical characteristics and quality parameters (acidity and peroxide index).
A. Electrochemical sensor
Virgin olive oil contains a limited amount (1-2%) of chemicals known as "minor polar components" (normally indicated as CMP), including more than 230 different molecules, that are soluble in a hydrophilic solution. The principal CMP components are: free fatty acids, monoacylglycerols, diacylglycerols, aliphatic alcohols diand triterpene, sterols and hydrophilic antioxidants [21] .
The SUT electrical characteristics have been measured in an emulsion of olive oil with a hydroalcoholic solution. Ethanol has been chosen to adjust the polarity of the solution and preferred to methanol because it is less toxic. The electrochemical sensor hosting the emulsion (Fig. 1 a) is a 50 ml tube modified to feature a couple of cap-shaped stainless steel electrodes (diameter 6 mm, spaced by 12 mm) required for the electrical characterization. Different ratios oil/aqueous solution have been tested and the results are reported in Section III. The oil sample and the solution 161 136 127 . Fig. 2 . The emulsion conductance Gm plotted vs. oil acidity in case of emulsion realized with 15 ml oil and 15 ml aqueous solution (a), 5 ml oil and 15 ml aqueous solution (b), 1 ml oil and 15 ml aqueous solution (c).
are mixed and stirred to create the emulsion. The sensor is placed in a thermal incubator at 20 °C and measurements are finally done.
B. Measurement setup
The measurement set-up ( Fig. 1 b) , making use of benchtop instruments is used to: a) validate the characterization procedure presented in this work; b) determine the essential features of the low-cost, portable, embedded system representing the final goal of this work.
The thermal incubator Binder APT KB 53 is set to 20 °C to guarantee that all samples are tested at the same controlled temperature. The LCR meter Agilent E4980A, controlled by a PC laptop through a USB interface, measures the sample electrical parameters |Z| and Arg(Z) over the frequency range 20 Hz -2 MHz by applying to the sensor electrodes a sinusoidal voltage of 100 mV. The PC system acquires the data from the LCR meter and store them on the hard disk. All the programs for instrumentation control have been developed with LabVIEW (National Instruments, USA).
C. Equivalent circuit model
Both the aqueous solution and the emulsion have been electrical characterized with the measurement set-up presented in the previous Subsection. The Nyquist diagrams, i.e. Im(Z) plotted vs Re(Z) for the entire frequency range, are shown in Fig. 1 (c) . As can be seen, in both cases the plot is a semi-circle with the center on the x-axis and both Re(Z) and Im(Z) tend to 0 as ω → +∞, indicating that the sensor-sample system is well described by an equivalent circuit formed by a conductance in parallel with a capacitance. Thus:
In these equations, G m and C m take into account the sample conductivity and dielectric properties, respectively. The electrical parameters have been calculated by fitting the equivalent circuit of Fig. 1 (a) As the solution is mixed with the oil and the emulsion is created, G m exhibits a strong increase (essentially due to the free fatty acids as well as other compounds of the sample), while C m decreases.
Measurements on a large types of olive oil samples have shown that C m is almost always the same, as expected since the dielectric properties of vegetable oils at low 162 137 128 . 
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Error in acidity estimation (%) Non linearity (%) frequencies (< 10 MHz) are known not to vary significantly from one case to the other. On the contrary, G m turns out to be well suited for acidity determination.
Even if the current investigations have been carried out on the full spectrum range 20Hz-2MHz, data analysis has shown that, as expected from (1), Re(Y) is constant in the frequency range 40Hz-40kHz and its value can be used to estimate G m with an error < 0.5% compared to the value calculated using the full frequency spectrum. Therefore, G m can be reliably calculated from measurements utilizing a single frequency, and this, of course, allows to greatly simplify the design of an embedded system for oil acidity measurements to be used in production environment.
D. Reference methods
All the tested samples have been analyzed using the reference methods as defined by the European Commission Regulation No. 2568/91. These are manual titration procedures for the determination of acidity and peroxide index in olive oil [4] .
Titration is a common laboratory method of quantitative chemical analysis used to determine the unknown concentration of an identified analyte. A reagent (the titrant) is added to a solution composed of the oil sample and chemicals (the titrand) until the color of the titrand solution changes (end-point of titration). The concentration of the analyte is estimated from the amount of used titrant.
In the case of acidity determination, the titrant is sodium hydroxide NaOH 0.1 M, while the titrand is a solution composed of an alcohol-ether mix, phenolphthalein (as indicator) and the oil sample.
Instead, for the determination of peroxide index, the titrant is sodium thiosulphate Na 2 S 2 O 3 and the titrand a mix of acetic acid, chloroform, saturated solution of potassium iodide KI, starch (as indicator) and the oil sample.
III. RESULTS AND DISCUSSION
The measurement has been initially optimized for acidity determination, finding the best oil -aqueous solution ratio for the purpose. Successively, the peroxide index, of interest to investigate the effects of the oil storage conditions, has been considered. Finally, a set of 39 olive oils (purchased from markets as well as taken from Italian olive oil mills) have been tested.
A. Choice of the oil/aqueous solution ratio
Three different ratios oil/aqueous solution for the emulsion have been investigated to achieve the best accuracy in acidity determination: (a) 15 ml oil and 15 ml solution, (b) 5 ml oil and 15 ml solution, (c) 1 ml oil and 15 ml solution.
A commercial olive oil has been modified with the addition of different concentration of oleic acid to obtain samples that differ only for their acidity, while presenting the same remaining properties (peroxide index, polyphenol content, etc.). Four different test samples were created, respectively with acidity 0.35%, 0.75%, 1.25% and 2.25%. All measurements have been carried out in triplicate and both mean value and standard deviation have been calculated.
The measured values of G m plotted vs the sample acidity are shown in Fig. 2 . As can be seen, in all cases G m increases with the sample acidity. The best results are obtained for case (c), i.e. the emulsion realized mixing 1 ml of oil with 15 ml of aqueous solution. In fact, as also pointed out in Table 1 , the sensitivity (variation of G m in µS for 1% variation of the sample acidity) is almost twice as large as that of case (b) and more than six times higher than case (a).
The same holds for the error in acidity estimation, with case (c) achieving a very low value (0.0756%), more than 15 times lower than case (a).
As for the sensor linear response, case (b) and (c) are comparable and much better than (a).
Thus, in the following, all the measurements, have been carried out with emulsions created from 1 ml of olive oil and 15 ml of aqueous solution.
B. Effects of the storage conditions
To investigate if and how G m can be used to investigate, and possibly monitor, the effects of olive oil storage conditions the following stress test has been carried out. A commercial extra-virgin olive oil sample has been subjected to UV radiation for different amount of time and the conductance of the emulsion has been measured before the exposition to UV as well as after 1, 2 and 3 weeks, respectively. The results shown in Fig. 3 indicate that G m has a strong increase after the first week of UV exposure, while it features negligible variations successively. Under UV exposure, a strong increase of both primary and secondary oxidation products takes place [21] , resulting in an increase of the emulsion conductance. In particular, Fig.  3 shows that G m increases by 125.6%, 131.3% and 126.9% after 1, 2 and 3 weeks, respectively (compared to the value measured before the UV stress test).
C. Results from different oil blends
A set of 39 olive oils have been tested that differ substantially for the olive cultivar, acidity, peroxide index and total phenolic content. The tested oil samples feature acidity values from 0.1% to 2.25%, peroxide index from 4 to 75 meq O 2 /kg oil and phenolic content from 30 to 700 mg gallic acid/kg oil.
In Fig. 4 (a) G m is plotted vs. the acidity value for the oil subset featuring peroxide index < 20 (i.e. samples in good storage conditions). These data clearly show that the emulsion conductance G m increases with oil acidity. In particular, the calculated linear regression line equation is G m = 1.75·acidity + 1.43 and the determination factor is R 2 = 0.748. A conductance threshold can then be set so that all samples featuring G m < 2.75 µS are characterized by acidity < 0.8%. Similarly, all samples featuring G m > 3.25 µS are characterized by acidity > 0.8%, while in the conductance range 2.75-3.25 µS the samples acidity is close to 0.8% (0.68% to 0.85%).
In Fig. 4 (b) , showing the results obtained with the full set of tested oils, each sample is represented by a dot as a function of the acidity and peroxide index (determined by the standard procedures). All the samples inside the dashed area are extra-virgin olive oils (acidity < 0.8% and peroxide index < 20). The samples have been divided in three groups based on the measured electrical conductance: G m < 2.75 µS ; 2.75 µS < G m < 3.25 µS; G m > 3.25 µS. As already mentioned, samples with high acidity feature high values of G m . However, also samples with low acidity but high peroxide index exhibit high values of G m .
Taking both these conditions into consideration, all extra virgin olive oil samples are correctly distinguished from those of lower quality by means of G m measurements, except one sample that is classified as extra-virgin in spite of a peroxide index > 20.
D. Realization as an embedded system
The technique presented above has been validated by means of laboratory instrumentation. It, however, can be easily implemented as a low-cost, easy to use, portable electronic system suitable for distributed and on-line quality control, by large oil producers as well as small oil mills.
In fact, the LCR meter was used essentially to investigate the system electrical model, but for routine use it could be replaced by a data acquisition board working at a single frequency. As for the effect of temperature, they could be experimentally characterized so as to be able to scale results obtained at different temperatures to the same reference value by means of a simple model or stored lookup tables.
In addition, data storage, wireless communication, independent power supply, signal acquisition and analysis can be easily realized by means of standard embedded system technology to obtain an easy-to-use, low cost, mobile instrument.
The implementation of a portable instrument featuring wireless transmission allows rapid collection of data through a sensors network for real-time, quick quality control.
IV. CONCLUSIONS
A novel technique to measure acidity as a principal quality parameter of olive oil has been presented. The method is based on the measurement by electrical impedance spectroscopy of the electrical characteristics of an emulsion between the oil sample and an hydroalcoholic solution.
The results obtained with a significant lot of oil samples of different origin show that the electrical conductance G m of the emulsion can be used as a parameter to determine oil acidity. Furthermore, for samples with comparable values of acidity, G m increases because of stressing storage conditions (resulting in higher peroxide index).
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In practice, then, the measured values of G m can be used to discriminate extra virgin olive oils (acidity < 0.8%, peroxide index < 20) from those of lower quality.
In this paper the presented technique has been developed and validated by means of laboratory instrumentation. It, however, can be easily implemented as a low-cost, easy to use, portable electronic system suitable for distributed and on-line quality control, by large oil producers as well as small oil mills.
